Ciliates are the only unicellular eukaryotes known to separate germinal and somatic functions. Diploid but silent micronuclei transmit the genetic information to the next sexual generation. Polyploid macronuclei express the genetic information from a streamlined version of the genome but are replaced at each sexual generation. The macronuclear genome of Paramecium tetraurelia was recently sequenced by a shotgun approach, providing access to the gene repertoire. The 72-Mb assembly represents a consensus sequence for the somatic DNA, which is produced after sexual events by reproducible rearrangements of the zygotic genome involving elimination of repeated sequences, precise excision of unique-copy internal eliminated sequences (IES), and amplification of the cellular genes to high copy number. We report use of the shotgun sequencing data (>10 6 reads representing 13× coverage of a completely homozygous clone) to evaluate variability in the somatic DNA produced by these developmental genome rearrangements. Although DNA amplification appears uniform, both of the DNA elimination processes produce sequence heterogeneity. The variability that arises from IES excision allowed identification of hundreds of putative new IESs, compared to 42 that were previously known, and revealed cases of erroneous excision of segments of coding sequences. We demonstrate that IESs in coding regions are under selective pressure to introduce premature termination of translation in case of excision failure.
Paramecium is a unicellular eukaryote that belongs to the ciliate clade. One peculiar feature of ciliates is that, like multicellular eukaryotes, they separate germinal and somatic functions, in the form of two kinds of nuclei. A diploid germline micronucleus (MIC) undergoes meiosis to transmit the genetic information to the next sexual generation. A polyploid somatic macronucleus (MAC) is responsible for gene expression but develops anew at each sexual generation through reproducible rearrangements of the zygotic genome (for reviews, see Prescott 1994; Bétermier 2004; see Fig. 1A for a summary of the Paramecium life cycle).
In Paramecium tetraurelia, the developmental genome rearrangements (Fig. 1B) consist of DNA amplification to a final copy number of ∼800 n and DNA elimination via two pathways. The first DNA elimination pathway is responsible for the removal of some 60,000 short, unique-copy elements (IES, for Internal Eliminated Sequence) that interrupt both coding and non-coding sequences. IESs are bound by 5Ј-TA-3Ј dinucleotides and their perfectly precise excision is accomplished by a mechanism that produces double-stranded breaks followed by end joining (Gratias and Bétermier 2003) . One TA dinucleotide remains in the chromosome after excision of the element.
The second DNA elimination pathway removes larger regions that often contain transposable elements (TE) and other repeated sequences, by an imprecise mechanism similar to that responsible for transposon silencing in eukaryotes. This mechanism involves short non-coding RNAs that probably target heterochromatin formation through histone methylation (for review, see Meyer and Chalker 2007) . The heterochromatin is lost during MAC development. This DNA elimination pathway often leads to chromosome fragmentation. The new chromosome ends are healed by the addition of telomeric repeats, consisting of 200-to 300-nt random mixtures of G 4 T 2 and G 3 T 3 hexamers (Baroin et al. 1987) .
Although these developmentally programmed genome rearrangements are highly reproducible, there is evidence that they generate some MAC chromosome heterogeneity within clonal cell populations, as shown by characterization of a few loci linked to the telomeric A and G surface antigen genes, in P. tetraurelia and Paramecium primaurelia, respectively. The elimina-tion of repeated sequences, which usually leads to chromosome fragmentation, can also be resolved by variable internal deletions, as characterized in detail for one DNA elimination region in P. primaurelia (Fig. 1B; Le Mouël et al. 2003) . Since a few rounds of endoreplication of the diploid zygotic genome precede DNA elimination, both chromosome fragmentation and variable internal deletions occur at this locus, even within a single homozygous cell. Similarly, the use of four different telomere addition regions, separated from each other by ∼10 kb, generates variability downstream from the A surface antigen gene in P. tetraurelia (Forney and Blackburn 1988; Amar and Dubrana 2004) .
Patterns of MAC rearrangements may also vary between clonal cell populations. Indeed, variant MAC rearrangement patterns can be maintained across sexual generations, in the presence of a completely wild-type MIC genome (Epstein and Forney 1984; Meyer 1992; Duharcourt et al. 1995) . The non-Mendelian inheritance of the rearrangement patterns can now be explained by "genome scanning" during development: The maternal MAC DNA is compared with the MIC DNA by a homology-dependent mechanism related to RNA interference (Mochizuki and Gorovsky 2004; Nowacki et al. 2005) . The comparison ensures that only sequences present in the maternal MAC will be amplified and maintained in the new zygotic MAC (for review, see Meyer and Chalker 2007) .
Given the strong heritability of the patterns of MAC rearrangements, variation in these patterns can give hold to the action of selection. To understand the constraints that the program of developmental genome rearrangements exerts on the evolution of the genome, it is essential to study these variations. P. tetraurelia somatic DNA was recently sequenced to a depth of ‫ן31∼‬ and assembled to provide a 72-Mb draft of the MAC genome (Aury et al. 2006) . Annotation and analysis of the gene repertoire revealed that the very large number of protein-coding genes (nearly 40,000) is the consequence of at least three successive events of whole genome duplication (WGD) in the Paramecium lineage (Aury et al. 2006) . In the present study, we have taken advantage of the whole genome shotgun (WGS) sequencing data (final assembly and >10 6 sequencing reads) to evaluate heterogeneity among the MAC chromosomes. It is important to note that this variability cannot be the result of allelic variations, since the genome sequence was obtained from entirely homozygous cells. We analyzed the heterogeneity produced by each of the three developmental processes: DNA amplification, IES excision, and elimination of TE and other repeated sequences. DNA amplification appears to be uniform across the genome. Conversely, the processes of TE elimination and IES excision are an important source of variability. Thanks to this heterogeneity, we have been able to identify hundreds of putative new IESs (whereas only 42 IESs were previously known in P. tetraurelia).
This allows us to demonstrate that IESs located within coding regions are under selective pressure to introduce premature termination codons (PTC) in case of excision failure. Left, vegetative cycle. During vegetative growth, paramecia divide by binary fission. The two micronuclei (MIC) undergo mitosis in the absence of nuclear envelope breakdown, while the macronucleus (MAC) elongates and divides by an amitotic process. Right, sexual cycle. P. aurelia species have two mating types, and sexually reactive cells can conjugate with a partner of the opposite mating type. In the absence of an appropriate partner, an auto-fertilization process (autogamy) occurs, illustrated here. Autogamy begins with meiosis of the two MIC to yield eight haploid products, seven of which degenerate. The eighth haploid gametic nucleus copies itself by mitosis and the two identical haploid nuclei fuse to from a completely homozygous diploid zygotic nucleus. Two post-zygotic mitotic divisions yield four diploid germline nuclei, which migrate to positions at the anterior and posterior of the cell. The two nuclei at the cell posterior differentiate into new MACs, the two nuclei at the cell anterior are the new MICs. During the first, caryonidal, cell division the macronuclear anlage do not divide. One is distributed to each daughter cell as they continue to endoreplicate DNA to attain the final MAC copy number of ∼800 n. After a second cell division in which both the MICs and the MAC divide, the sexual progeny enter the vegetative phase. Note that the progressively fragmented maternal MAC is present throughout meiosis, fertilization, and MAC differentiation and remains transcriptionally active. The fragments are lost by dilution in the course of the first cell divisions. The same events occur during conjugation; however, there is reciprocal exchange of haploid gametic MICs, so that the diploid zygotic nucleus produced by fertilization in each conjugating cell is heterozygous at all loci. Both sexual processes can be induced by standard laboratory protocols (Sonneborn 1974) . (B) Genome reorganization. During MAC differentiation, DNA is amplified to a final copy number of ∼800 n. Different classes of repeated sequences, such as transposable elements and minisatellite repeats, schematized here, are eliminated by an imprecise mechanism that leads to chromosome fragmentation and de novo telomere addition, but which in some cases can be resolved by variable internal deletions. Internal Eliminated Sequences (IES) are short (<1 kb) unique-copy elements that interrupt both coding and noncoding sequences. IESs are precisely excised between 5Ј-TA-3Ј dinucleotides at each end of the IES. A single TA remains in the MAC DNA. For a detailed review, see Bétermier (2004) .
Besides somatic chromosomal rearrangements, we also analyzed rearrangements that have occurred in the germline, over evolutionary time. For this purpose, we exploit information from the recent WGD that was detected in the Paramecium lineage (Aury et al. 2006 ) that can be analyzed by alignment at the nucleotide level. We show that the rate of chromosomal rearrangements is remarkably low in Paramecium. Finally, the data allow us to infer a simple relationship between MAC chromosomes and the MIC chromosomes from which they derive.
Results

DNA amplification during macronuclear development
The 72-Mb draft assembly of P. tetraurelia MAC DNA consists of 697 scaffolds of which 188 are >47 kb, the minimum size observed for MAC chromosomes by pulsed field gel electrophoresis.
These chromosome-sized scaffolds contain 96% of the genome assembly, and at least 60% of them represent complete MAC chromosomes since reads with telomere repeats map to both scaffold ends (Aury et al. 2006) . In order to evaluate whether copy number is uniform across the macronucleus as expected if MAC-destined sequences are amplified to the same extent, we mapped the raw sequence reads (trimmed for quality, see Methods) to the assembly to determine the number of times each base of the assembly is present in the reads. Figure 2A shows a scatter plot of average sequencing depth as a function of scaffold length for each of the 697 scaffolds. The average sequencing depth for the 188 chromosome-sized (>47 kb) scaffolds varies from ‫ן5‬ to ‫.ן51‬ Most of the small (<47 kb) scaffolds, which together represent only 4% of the assembly, have lower sequencing depth. We were able to map 46 of them to gaps in the larger scaffolds. We also remapped reads with telomere repeats (see Methods) to the small scaffolds. None of the . (C) Average sequencing depth and G+C content were calculated in 1-kb nonoverlapping windows for the 188 chromosome-sized scaffolds. Primary Y-axis: average of the sequencing depths for all of the 1-kb windows with the same G+C content (bins of 1%), plus or minus the SD, represented by black dots and dark-gray error bars, is plotted as a function of G+C content. Secondary Y-axis: histogram of G+C content, calculated using the 1-kb nonoverlapping windows (light-gray vertical bars).
small scaffolds resembles a complete chromosome; however, 83 have multiple remapped telomere reads and could represent chromosome ends (data not shown). We conclude that the majority of small scaffolds probably correspond to gaps or ends of the large scaffolds; they will not be taken into consideration in what follows.
A representation of average sequencing depth as a function of G+C content for each scaffold reveals a strong correlation between these parameters (Fig. 2B) . The scaffolds vary by ∼10% in their G+C content, and the lower the G+C content, the lower the sequencing depth. To further test this correlation, we calculated average sequencing depth and G+C content in nonoverlapping 1-kb windows for the 188 chromosome-sized scaffolds (Fig. 2C) . The 1-kb windows with lower G+C content than the genome's 28% average have below average sequencing depth, while the windows with higher G+C content also have above average sequencing depth, confirming the correlation. Since Paramecium has a very A+T-rich genome, the observed correlation can probably be explained by the fact that A+T-rich inserts are unstable in Escherichia coli. The higher the A+T content of a region, the poorer its representation in the shotgun sequencing libraries.
Thus all of the chromosome-sized scaffolds present approximately the same average sequencing depth, once corrected for their variation in G+C content. This implies that the amplification of the macronuclear genome is uniform, despite the existence of underamplified regions within chromosomes, for example adjacent to fragmentation/internal deletion sites. We cannot exclude the existence of underamplified chromosomes. However, independent data argue against this possibility. First, all previously characterized Paramecium genes are present in the assembly (data not shown). Second, the 78,110 ESTs generated in the course of the sequencing project (to the exclusion of ribosomal RNA and mitochondrial contaminants) all map unambiguously to the assembly (Aury et al. 2006) . We conclude that the expressed portion of the Paramecium genome is amplified and maintained at uniform copy number in the macronucleus.
Low rate of chromosomal rearrangements during evolution
A striking characteristic of the P. tetraurelia genome is that 51% of the genes duplicated at the most recent WGD are still present in two copies. Alignment of each of the 12,026 pairs of paralogs revealed a distribution of amino acid identities comparable to that of mouse-human orthologs, with a peak near 95% identity. Although the synonymous substitution rates (K s ) of the paralogs are close to saturation, the nonsynonymous substitution rates (K a ) are very small, indicating that strong purifying selection maintains the amino acid sequences. Phylogenetic analysis showed that the most recent WGD occurred just before the speciation events that gave rise to the Paramecium aurelia complex of 15 sibling species (Coleman 2005; Aury et al. 2006) .
We carried out an all-against-all nucleotide comparison of the 188 chromosome-sized scaffolds in order to obtain a picture of the recent WGD at the nucleotide sequence level. Segments of >80% nucleotide identity, corresponding to ∼30% of the nucleotides in the assembly, cover most of the ORFs that are related by the recent WGD as well as some noncoding sequences that may include gene regulatory regions or noncoding RNA. The segments were grouped into syntenic blocks and the blocks were clustered using a transitive algorithm. We then drew all of the clusters (examples in Fig. 3 ; all of the drawings and a synteny viewer are available at http://paramecium.cgm.cnrs-gif.fr/tool/ synteny). The drawings show the scaffolds (horizontal black lines) joined by segments of nucleotide alignment in blue (or pink for inverted regions), decorated by remapped telomere repeats (vertical maroon lines) and variable surface antigen genes (turquoise boxes). The drawings guided us in separation of the scaffolds into two half genomes. A dot plot comparison of the two half genomes presents a nearly continuous diagonal (Fig. 3F ).
All regions of the genome are paired, and 48 of the 73 clusters consist of a single pair of scaffolds, each of which is a complete MAC chromosome as indicated by correctly oriented telomere repeats at either end. Four additional clusters also consist of a pair of scaffolds, but at least one of the four scaffold ends is not marked by telomere repeats. The Paramecium genome appears to have undergone remarkably few large-scale rearrangements since the recent WGD, which is at an evolutionary distance, in terms of synonymous substitution rates, roughly equivalent to that of the divergence of rodents and primates from their common ancestor (Aury et al. 2006) . Only six simple translocations (example, Fig.  3E ) and one reciprocal translocation were found, along with 76 local inversions. This appears to be in striking contrast with the much higher rate of rearrangements in other taxa, as illustrated by the comparison of mouse and human chromosomes (Waterston et al. 2002) or by the analysis of the recent WGD in Arabidopsis (Blanc et al. 2003) .
Heterogeneity of MAC chromosome fragmentation
Most of the sequence reads containing telomere repeats map, as expected, to the ends of assembly scaffolds. However, additional sites where telomere repeats have been mapped are located within assembly scaffolds. Interestingly, one of these sites, found on scaffold 51 (Fig. 3E) , is located in a region orthologous to a locus that has been extensively analyzed in P. primaurelia: Characterization of both MAC and MIC DNA showed that there is heterogeneity in the fragmentation of MAC chromosomes at that locus (Caron 1992; Le Mouël et al. 2003) . The polymorphic MAC chromosomes result from elimination of a 21-kb region, containing an inactive copy of the Tc1/mariner-like Tennessee TE and minisatellite sequences, leading to chromosome fragmentation as well as variable internal deletions during MAC development. This suggests that most telomere repeats remapped to internal sites within assembly scaffolds result from heterogeneity generated by the process of imprecise elimination of heterochromatic MIC DNA regions (as schematized in Fig. 1B) .
The comparison of paralogous scaffolds resulting from the recent WGD supports this interpretation. We found 14 cases where a single scaffold is paired with two or more scaffolds. Possible explanations are (1) incomplete assembly, i.e., one chromosome is covered by two or more scaffolds that were not joined during assembly because of sequencing gaps or (2) a DNA elimination region responsible for chromosome fragmentation has appeared or disappeared since the recent WGD or (3) heterogeneity of chromosome fragmentation. The example shown in Figure 3B can be explained by sequencing gaps between scaffolds 154, 59, and 173 that together constitute a single MAC chromosome, since only the extremities of scaffolds 154 and 173 have correctly oriented, remapped telomere repeats indicative of MAC chromosome ends. However, the cluster consisting of scaffolds 178, 163, and 68 (Fig. 3C) clearly corresponds to the third possibility. Three observations support this interpretation. First, all three scaffolds in this cluster appear to be complete MAC chromosomes capped by telomeres. Second, many remapped telomere repeats are visible at the center of scaffold 68, between the 5Ј part of the scaffold that aligns with scaffold 178 and the 3Ј part that aligns with scaffold 163. Third, we were able to find two BAC clones that span the gap between scaffolds 178 and 163, indicating the existence of molecules corresponding to a large chromosome as expected if the DNA elimination event can be resolved by internal deletions. Hence, scaffold 68 probably represents three molecules, a large chromosome equivalent to the assembled scaffold 68, and two smaller versions, as would arise if DNA elimination led to both chromosome fragmentation (the two smaller chromosomes) and internal deletions (the large chromosome). Three other clusters present similar topology (clusters 5, 11, 35; http://paramecium. cgm.cnrs-gif.fr/tool/synteny).
We conclude that scaffolds with telomere repeats remapped to internal sites are very likely to represent the consensus assembly for a heterogeneous set of MAC chromosomes generated by variable outcomes of MIC DNA elimination. We can unambiguously identify 10 such sites (clusters 5, 11, 35, 42, 47) and additional sites may be present in clusters 28, 33, 40, and 44. Since the reads present only ‫ן31‬ redundancy compared to the 800 haploid copies of the genome that are present in the MAC, this is a minimal estimate of the number of MIC regions responsible for generating MAC chromosome heterogeneity.
G+C content and chromosome length
MAC chromosomes are small and numerous. The 114 scaffolds that were validated as being complete chromosomes (see Methods) vary greatly in size, from 138 to 982 kb. These scaffolds also vary in G+C content, by ∼10% (cf. Fig. 2B ). Strikingly, the scaffolds that are complete chromosomes display a significant inverse correlation between size and G+C content (R 2 = 0.67, P < 2 ‫ן‬ 10 ‫61מ‬ ; Fig. 4 ). Confirmation of this strong negative correlation was obtained by examination of the G+C content of noncoding DNA on the chromosomes (introns: R 2 = 0.565, P < 2 ‫ן‬ 10
‫61מ‬
; intergenic regions: R 2 = 0.418, P = 4.8 ‫ן‬ 10
‫51מ‬
) and of the third base of four codon amino acids (R 2 = 0.712, P < 2 ‫ן‬ 10 ‫61מ‬ ). The correlation-not to mention the quality of the assembly-is all the more impressive given the lower sequencing depth of A+T-rich sequences (cf. Fig. 2C ). The correlation is weaker for the group of complete scaffolds from clusters with a translocation, i.e., the group of chromosomes that may have changed size recently owing to large-scale rearrangements. Scaffolds that are chromosome fragments show no correlation at all (Fig. 4) .
In order to explain the correlation, we looked for G+C variation within chromosomes. The only systematic variation we could detect was lower G+C content of the ∼30 kb at the chromosome ends (Fig. 5 ). This effect cannot account for the G+C variation between chromosomes: A region of fixed size with a high, rather than a low, G+C content would be required to explain the correlation. It is not surprising that subtelomeric se- The majority of clusters show pairs of complete MAC chromosomes as in A and D. The cluster in B corresponds to two complete MAC chromosomes, but one of them consists of three scaffolds separated by two sequencing gaps. The cluster in C illustrates possible assemblies of three polymorphic chromosomes that cover a single region; scaffold 68 is a consensus of two shorter chromosomes and one long one, resulting from fragmentation or internal deletion upon DNA elimination, while scaffolds 178 and 163 represent chromosomes created by fragmentation. The cluster in E shows a translocation that has occurred since the recent WGD. Note that scaffold 51 contains two internal sites with remapped telomeric repeats. The leftmost site corresponds to the MIC elimination region that was sequenced in P. primaurelia (Le Mouël et al. 2003) . Horizontal black lines, scaffolds; blue polygons, segments of >82% nucleotide identity; pink polygons, inverted segments of >82% nucleotide identity; vertical maroon lines are proportional in height to the number of remapped reads that contain telomere repeats (i.e., at least three repeats of CCC[CA]AA with no more than one mismatch), the repeats were masked for the alignment of the reads against the assembly; turquoise boxes, remapped surface antigen genes. (F) Dot plot internal comparison of the MAC genome assembly. The genome was divided into two arbitrary half genomes for the dot plot, using the drawings of chromosome clusters related by the recent WGD. The small staggered lines along the outside of each axis represent the individual scaffolds. 
quences tend to have lower G+C content than the rest of a MAC chromosome, since these regions are primarily noncoding.
Inverse correlations between chromosome size and G+C content have been found in the genomes of birds (International Chicken Genome Sequencing Consortium 2004), mammals (Mikkelsen et al. 2007) , and yeast (Bradnam et al. 1999) . Meiotic recombination rate provides the link between chromosome size and G+C content. There is a strong negative correlation between recombination rate and the size of chromosome arms in mammals, yeast, and birds (Kaback et al. 1992; Kaback 1996; Lander et al. 2001; Pardo-Manuel de Villena and Sapienza 2001; International Chicken Genome Sequencing Consortium 2004; Meunier and Duret 2004) , and recombination can lead to an increase in G+C content via biased gene conversion (Galtier et al. 2001) . Of course the negative correlation we have found concerns the fragmented MAC chromosomes and not the MIC chromosomes that undergo meiosis. The simplest explanation for this correlation is therefore that MAC chromosomes are proportional in size to the MIC chromosomes from which they are derived.
IES excision heterogeneity
Remarkably, some ciliates reconstitute their protein-coding genes at each sexual generation through the assembly of smaller gene segments present in the MIC genome. The most dramatic examples are the scrambled genes that must be reordered in hypotrich ciliates (Prescott 1994; Nowacki et al. 2008) and genes interrupted by multiple short internal sequences, the IESs, that must be spliced out in Paramecium (Bétermier 2004) . A similar situation, though restricted to a small fraction of the genome, is found in vertebrates where immunoglobulin genes are rearranged during lymphocyte maturation (for review, see Jones and Gellert 2004) .
The genome of P. tetraurelia is estimated to contain ∼60,000 IESs. IES boundaries are characterized by an absolutely conserved 5Ј-TA-3Ј dinucleotide which is required for excision, while the 6 bp internal to the TA often resemble a loosely defined consensus (Klobutcher and Herrick 1995) . The process of IES excision is initiated early during MAC development, after a few cycles of endoreplication of the diploid zygotic genome (Bétermier et al. 2000) , but the excision machinery remains active at later times of MAC development, probably until sexual progeny enter the vegetative growth phase (Ku et al. 2000) . In order to assess the level of heterogeneity generated among the ∼800 copies of the MAC chromosomes by such a massive recombination program, we have aligned all shotgun sequence reads with the genome assembly to search for short insertions or deletions (indels). A threshold indel size of 10 bp was chosen to be smaller than the smallest known IES (26 bp), but large enough to avoid any sequencing errors in the reads.
We identified 2169 indels (>10 bp) within high-quality alignments, among which 1860 (86%) are flanked by TA dinucleotides (hereafter named TA-indels). If indels were randomly distributed within sequences, we would have expected only 6% of them to be TA-indels (see Methods). Probable origins of TAindels are (1) imprecise DNA elimination events between TA dinucleotides (Le Mouël et al. 2003) , (2) rare events of IES excision using alternative boundaries (Dubrana and Amar 2000; Haynes et al. 2000) , (3) the retention of IESs on a fraction of macronuclear copies, or (4) erroneous excision of sequences that are not IESs on a fraction of macronuclear copies. The TA-indels we found are Figure 5 . G+C content variation along chromosomes. Mean G+C content (calculated in nonoverlapping 1-kb windows and normalized against the average G+C content of the scaffold) is plotted as a function of the distance from the nearest telomere (black points) ‫ע‬SD (light-gray lines). Only chromosome ends with validated telomeres were used for the calculation. The number of chromosome ends decreases as the distance from the telomere increases (dark-gray curve and second Y-axis), because fewer and fewer scaffolds are of a size equal to or greater than twice the distance (X-axis). Figure 3E ; not all of the scaffolds in this group have changed size since the WGD; however, inclusion of this group with the other complete chromosomes adds several significant outliers to the data and reduces the value of the correlation coefficient R unique-copy, AT-rich sequences (77.3% A+T vs. 71.6% for the whole genome), with a length distribution very similar to that of known IESs (Fig. 6A) , characterized by two striking modes: a major mode at 28 bp and a minor one at 44 bp (Gratias and Béter-mier 2001) . The ends of the TA-indels closely resemble the degenerate IES consensus (Fig. 6B) . For all of these reasons, we consider that the majority of the TA-indels probably result from the IES excision process.
Among the 1860 TA-indels, we identified 744 elements (40%) that are present in a sequence read but absent from the assembly (residual TA-indel), and 1116 elements (60%) that are present in the assembly but excised from a sequence read (lowfrequency TA-indel). Given that the genome assembly represents the consensus sequence of the different copies of each macronuclear chromosome, residual TA-indels represent "incompletely excised" IESs (Fig. 6D) . Conversely, low-frequency TA-indels may represent "cryptic" IESs (Fig. 6E) , and it is striking that some are coding sequences, suggesting erroneous IES excision. In agreement with this suggestion, low-frequency TA-indel boundaries have a poorer resemblance to the 6-bp consensus. The 9% of TA-indels <26 bp (the shortest size reported for a Paramecium IES) could (1) correspond to IES fragments with alternative excision boundaries (Fig. 6F) or (2) result from imprecise elimination of repeated sequences, which can generate internal chromosome deletions between TA dinucleotides (Le Mouël et al. 2003) . Indeed, for 22% of the TA-indels <26 bp, more than two macronuclear versions were present in the reads while this was the case for only 4% of the TA-indels Ն26 bp. We also detected 30 cases of a TA-indel nested within another TA-indel, a situation that has been reported for IESs (Duharcourt et al. 1998; Mayer et al. 1998 ).
Do the TA-indels correspond to MAC variability, or to contamination from MIC DNA? We cannot exclude the possibility that some residual TA-indels are MIC contaminants. However, we favor the hypothesis that the majority of the TA-indels reflect variability in the MAC DNA, for two reasons. First, low-frequency TA-indels are by definition present in most copies of the MAC DNA, and we consider that their excision from one MAC copy probably represents a cryptic event (but see Discussion), so these TA-indels cannot represent MIC contamination. Second, the ratio of MIC to MAC DNA in the cell is ∼1/200 (two diploid MIC, one MAC with ∼800 haploid copies); however, the DNA used to make the plasmid sequencing libraries was purified from MACs obtained by cell fractionation (see Methods). Judging by analysis of mitochondrial sequences, the enrichment in MAC DNA with respect to mitochondrial DNA is >1000-fold (Keller and Cohen 2000 and our unpublished results). The enrichment with respect to MIC DNA should be similar. But even if MIC contamination were 10 times greater than this, we would still find only ∼50 MIC reads in 10 6 reads (most of which would not contain an IES), clearly insufficient to account for several hundred residual TAindels.
The TA-indels identified in this analysis occur everywhere in the genome: 56.7% of residual TA-indels are located in coding regions, 39.8% in intergenic regions, and 3.5% in introns (these regions constitute, respectively, 75.0%, 21.9%, and 3.2% of the genome). Low-frequency TA-indels are essentially intergenic (61.8%). Both classes of TA-indels are underrepresented in coding regions, which suggests that incompletely excised and, in particular, cryptic IESs are counter-selected in coding regions. Interestingly, when TA-indels are found within coding regions, they Consensus sequence and frequency matrix of the 8-bp motif at the boundaries of TA-indels and of known IESs. Nucleotide frequencies that are higher than the genome average are indicated in bold. (C-F) Putative relationships between IESs and TA-indels. The IES is drawn as a box flanked by two TA repeats; triangles indicate the additional six nucleotides that define the consensus for the terminal inverted repeats. IESs that are excised with 100% efficiency are totally absent from the macronucleus, and therefore cannot be detected as TA-indels in our analyses (C). TA-indels may correspond to IESs for which some copies remain unexcised (D) or to cryptic IESs that are excised at low frequency (E). Some TA-indels (and notably those <26 bp) may correspond to IESs with alternative boundaries (F). Some TA-indels may also correspond to imprecise deletion events (data not shown). Table 1 , TA-indels that are a multiple of 3 (hereafter called 3 n TA-indels) occur at a significantly lower frequency than the expected 33%. However, this is only the case for the elements that lack a stop codon in phase with the upstream coding sequence (Table 1) . In other words, within coding regions, there is a highly significant excess of TA-indels that lead to a translational frameshift and/or a premature stop codon. Since the 42 previously characterized P. tetraurelia IESs show exactly the same trend (Table 1 ), it appears that IESs and coding sequences may be subject to constraints that would favor premature translation termination in the case of an excision error.
We also examined the properties of the genes that contain TA-indels, compared to genes that do not contain TA-indels, and found the former to be less highly expressed (average of 0.7 ESTs per gene as opposed to an average of two ESTs per gene), to be less often retained in two copies after the recent WGD (60% as opposed to 68%), and to evolve more rapidly (K a of 0.14 as opposed to a K a of 0.10, P < 0.0001). We conclude that more highly constrained genes either contain fewer IESs (and fewer cryptic IESs) or contain IESs that are more faithfully excised.
Discussion
We have used WGS data from the P. tetraurelia genome sequencing project (Aury et al. 2006) to evaluate variability in the somatic DNA produced by the programmed genome rearrangements that occur at each sexual generation in this organism.
Variability in the somatic genome
Analysis of sequencing depth across the assembly indicated that DNA is amplified to a uniform copy number during MAC development, as reported for the other holotrich ciliate with a sequenced somatic genome, Tetrahymena thermophila (Eisen et al. 2006) . This is in sharp contrast with the situation in hypotrich ciliates such as Euplotes or Oxytricha, which have extensively fragmented somatic genomes. In these organisms, the copy number of the different MAC chromosomes, which usually contain a single gene, is variable owing to a process of differential amplification (Baird and Klobutcher 1991; La Terza et al. 1995; Donhoff and Klein 1996; Frels et al. 1996) .
We found that the two DNA elimination processes (precise excision of IESs and imprecise elimination of repeated sequences) both contribute to substantial heterogeneity among MAC chromosomes. In other words, the genome assembly only represents the consensus sequence for MAC DNA. This conclusion is further supported by previously published experimental data. Phan et al. (1989) hybridized P. tetraurelia MAC chromosomes separated by pulsed field gel electrophoresis with probes specific for the A and C surface antigen (SAg) genes, which are present in a single copy per haploid genome. The A SAg probe hybridized with a single chromosome (cf. Fig. 3D ). However, the C SAg probe hybridized with four chromosomes. This hybridization pattern is entirely consistent with the genome assembly, as shown schematically in Figure 7 , because the C SAg maps to scaffold 51 (cf. Fig. 3E ), which has two internal telomere sites. In other words, the unique MIC region that contains the C SAg gene is carried by four different MAC chromosomes as a result of alternative outcomes of DNA elimination at these sites. The drawings of the scaffolds with the remapped telomere reads show that at least eight other MAC chromosomes harbor such sites. This is a lower limit, however it is clear that not every fragmentation event can also be resolved by internal deletions, as demonstrated by extensive characterization of MAC chromosomes bearing the A SAg in P. tetraurelia (Epstein and Forney 1987; Forney and Blackburn 1988; Phan et al. 1984; Amar and Dubrana 2004) . We have no data concerning sites where DNA elimination is resolved only by internal deletions, as they would not have been detected by the present analysis.
IES excision is precise in Paramecium, as required for gene expression and as shown by studies of the mechanism (Gratias and Bétermier 2003) . However, up until now nothing was known of the efficiency of the IES excision process. The availability of ‫ן31∼‬ WGS sequencing data allowed identification of 1860 TAindels, of which the majority result from errors in IES excision judging by their size distribution and terminal inverted repeat consensus. Given that a MAC contains ∼800 copies of each chromosome and that the sequence coverage is only ‫,ן31‬ our analyses detect only a fraction of the existing excision variability. By analyzing the frequency distribution of the number of sequence reads corresponding to each TA-indel, we estimate that there are at least 7000 loci with excision variability (see Methods). Thus, there appear to be many IESs for which excision is not 100% efficient. The situation is comparable for intron splicing from pre-mRNAs, where the cost of very efficient splicing has been postulated to be so high that inefficient splicing is tolerated , the observed frequency (in parentheses) is compared to the expected frequency under the null hypothesis of a random distribution of TA-indel size (i.e., 1/3 of 3 n TA-indels and 2/3 of non-3 n TA-indels). NB, by definition, low-frequency TA-indels that are located within coding regions cannot contain in-frame stop codons. (NS) Not significant. a TA-indels located within coding regions that do not contain a TGA triplet in frame with the upstream coding region. The 42 experimentally determined P. tetraurelia IESs (Gratias and Bétermier 2001) are all located in coding regions. c TA-indels located within coding regions that contain at least one TGA triplet in frame with the upstream coding region. (Lynch 2006; Roy and Irimia 2008) . However, the undesirable effects of retained introns are greatly reduced by the mRNA surveillance mechanism (nonsense-mediated decay, or NMD) that detects and degrades mRNA molecules that contain premature termination codons (PTC), during the pioneer round of translation (Maquat 1995 (Maquat , 2004 .
It has recently been shown that short introns, not only in Paramecium but also in plants, fungi, and animals, are under strong selective pressure to cause premature termination of mRNA translation in the case of intron retention (Jaillon et al. 2008) . This study also showed that NMD is active in Paramecium and is involved in degradation of unspliced Paramecium transcripts that contain a PTC. The bias in the size and sequence of the 1860 TA-indels and 42 previously known IESs (Table 1) is highly reminiscent of the bias initially discovered in Paramecium introns. The data are consistent with selection acting on IESs that interrupt coding sequences to ensure that excision failure will result in transcripts that can be recognized by NMD. Confirmation of this hypothesis must await direct experimental validation (e.g., by measuring the rate of retention of IESs in mRNAs from NMD deficient cells). However, the use of NMD to degrade the transcripts of nonproductively rearranged genes is already well documented, in the case of immunoglobulin and T-cell receptor genes of vertebrates. PTCs often arise as a consequence of programmed V(D)J rearrangements during lymphocyte development and they efficiently trigger NMD, thus avoiding translation of truncated immunoglobulin chains or T-cell receptors that might be toxic to the cell (Li and Wilkinson 1998) .
We can further conclude that unfaithful IES excision (whether it be incomplete or cryptic IES excision) is deleterious. This is based on the lower frequency of TA-indels in highly constrained genes and the counter-selection of 3 n TA-indels, unless they contain an in-frame stop codon. Interestingly, part of the variability we have observed may correspond to regulatory processes whereby the excision or not of a given IES determines a particular cellular state, which might then be maternally inherited across sexual generations. Indeed, it is well documented that the presence of an IES in the maternal MAC is sufficient to inhibit excision of that IES from the zygotic MAC, for a subset of known IESs (Duharcourt et al. 1995; Meyer and Keller 1996; Duharcourt et al. 1998 ).
Germline chromosomes
In contrast with the heterogeneity observed during the development of somatic MAC chromosomes, MIC chromosomes appear to remain highly stable during evolution. Indeed, comparison of paralogous chromosomes resulting from the most recent of the three WGDs revealed very few genomic rearrangements (six simple translocations, one reciprocal translocation, and 76 local inversions). Notably the ends of MAC chromosomes (which correspond to fragmentation points of MIC chromosomes) are almost perfectly conserved in location. In some cases we detected heterogeneity in the fragmentation of MAC chromosomes (e.g., Fig. 3C ), but the location of the fragmentation points is conserved. An intriguing question is why the Paramecium genome has undergone so few large-scale rearrangements on the evolutionary time scale. The high coding density of the MAC-destined regions of the genome (78%) may exert a strong constraint, since chromosome breakage will usually fall within a gene and be counter-selected. It is thus possible that most large-scale rearrangements are eliminated by selection.
What does a MIC chromosome look like? We know from molecular, cellular, and genetic studies of Paramecium that MIC chromosomes are larger than MAC chromosomes and that they contain functional centromeres, unlike MAC chromosomes. The observation that G+C content is inversely correlated with MAC chromosome size suggests a very simple relationship between MAC and MIC chromosomes. It has been shown that recombination drives G+C content in the human genome through biased gene conversion (Meunier and Duret 2004) , and there is evidence that this process is widespread in eukaryotes (Birdsell 2002) . In many eukaryotes there is a strong negative correlation between chromosome size and recombination rate, because of the requirement of at least one crossing-over per chromosome arm per meiosis (Kaback et al. 1992; Kaback 1996; Lander et al. 2001; Pardo-Manuel de Villena and Sapienza 2001; International Chicken Genome Sequencing Consortium 2004; Meunier and Duret 2004) . In Paramecium, the available data indicate a high frequency of meiotic recombination. Le Mouël et al. (2003) used three allelic markers along one chromosome to measure 5%-37.5% recombination frequencies for intervals of ∼100 kb. The genes ND6 (Gogendeau et al. 2005) and ND7 (Skouri and Cohen 1997) , for which mutant alleles are available, behave like unlinked loci (J. Beisson and M. Rossignol, unpubl.) although separated by ∼400 kb on the same chromosome. The data are thus consistent with the hypothesis that there is also a requirement of one crossing-over per chromosome arm per meiosis in Paramecium. This model therefore predicts a higher recombination rate and hence a higher G+C content on short chromosomes. Of course, meiotic recombination occurs on MIC chromosomes and not on the fragmented MAC chromosomes. The simplest explanation for higher G+C content on short MAC chromosomes is therefore that MAC chromosomes correspond to MIC chromosome arms. The assembly scaffold 51 is shown; remapped telomere repeats appear as vertical lines and the C SAg (GenBank accession no., M65164; ParameciumDB accession no., GSPATG00017138001) as a gray box. Note that reads with telomeric repeats map not only to the ends of this scaffold, but also to two internal locations. (B) Predicted MAC chromosomes. The prediction that six MAC chromosomes derive from the same germline region is based on the assumption that each internal telomere site corresponds to a MIC region whose elimination can lead either to fragmentation of the chromosome or to internal deletions. The small striped boxes represent the telomeres at the ends of each MAC chromosome. Chromosomes that contain the C SAg are in black, and chromosomes that do not are in gray. The prediction is in agreement with previously published experimental data showing that four MAC chromosomes hybridize with a C SAg probe (Phan et al. 1989 ). Two arguments support such a simple relationship between MAC and MIC chromosomes. First, we could not find any correlation between MAC chromosome size and G+C content in the T. thermophila somatic genome (R 2 = 0.027), using the 125 scaffolds from the draft genome assembly that are capped by telomeres at both ends (Supplemental Table S3 from Eisen et al. 2006) . This is consistent with our model, since MAC chromosome fragmentation results from site-specific cleavage of the germline DNA in Tetrahymena (Yao et al. 1990 ) and there does not appear to be any correlation between the sizes of the ∼225 MAC chromosomes and the size of the five MIC chromosomes from which they derive, judging from available assignment of telomere-capped MAC scaffolds to MIC linkage groups (Supplemental Fig. 4 from Eisen et al. 2006) . A second argument is the respective number of MAC and MIC chromosomes in P. tetraurelia. Our analysis of the MAC genome assembly identifies a maximum of 160 MAC chromosomes. Jones (1956) counted ∼50 pairs of MIC chromosomes for several P. aurelia species, and this value is probably an underestimate since the cytogenetic techniques available would not have detected small chromosomes. Consequently, the ratio of MAC chromosomes to MIC chromosomes could be close to 2:1, consistent with the view that most Paramecium MAC chromosomes are stripped down MIC chromosome arms.
Methods
WGS sequencing and assembly have been detailed in Aury et al. (2006) . The strain used for genome sequencing, d4-2 (Sonneborn 1974) , was originally obtained by crossing strain 29 with strain 51, followed by exhaustive back crosses to strain 51, so that strain d4-2 is isogenic with strain 51 at almost all loci. The DNA that was used to construct sequencing libraries (Aury et al. 2006) comes from the same DNA preparation previously used to make plasmid libraries for complementation cloning (Keller and Cohen 2000) . This DNA was extracted from purified macronuclei, obtained from a population of autogamous cells that were cultured for ∼10 vegetative cell divisions after autogamy. The DNA had no detectable mitochondrial or micronuclear DNA contamination, according to the complete absence of hybridization of 60,000 library clones ‫ן3(‬ redundancy) with a variety of mitochondrial and micronuclear probes (Keller and Cohen 2000) .
The ends of the raw sequence reads were trimmed from the position where the average quality fell below 10 (i.e., 90% chance that the base call is correct) in a window of 30 nt. In addition, individual bases with values <10 were masked. The 1,254,160 trimmed reads were then used as the database for pattern match searches for telomeric repeats, defined as at least three repeats of the hexanucleotide CCC[CA]AA with at most one mismatch. We found 15,242 reads with telomere repeats. The repeats were masked and then remapped to the assembly by alignment with megablast (McGinnis and Madden 2004), using no filter and a requirement of 98% sequence identity. To calculate sequencing depth, the whole set of trimmed reads was aligned to the assembly using megablast, with the same parameters.
All known Paramecium Surface Proteins were extracted from GenBank and mapped to the assembly using BLASTX (Altschul et al. 1997 ) default parameters, an E-value cutoff of 10
‫04מ‬
, and validation by visual inspection of the alignments.
The internal comparison of the 188 chromosome-sized scaffolds was carried out using MUMmer version 3.05 (Delcher et al. 2002) . The nucmer script from the MUMmer package was used with default parameters. The segments of nucleotide similarity between scaffolds were grouped into blocks. Only blocks consisting of at least three segments and covering at least 5% of one of the two scaffolds were retained for transitive clustering. In order to draw the 73 resulting clusters, all of the data were put into a BioϻDBϻGFF database using scripts from GBrowse software (Stein et al. 2002) . Instead of displaying the data in a browser, a Perl script was written to draw the clusters using scaled vector graphics. A synteny browser was implemented using SynBrowse software (Pan et al. 2005) . The drawings and the synteny browser are available at ParameciumDB (Arnaiz et al. 2007) , http:// paramecium.cgm.cnrs-gif.fr/tool/synteny.
The drawings of scaffolds related by the recent WGD allowed us to refine the classification of the scaffolds into (1) complete MAC chromosomes with telomeric regions at either end, (2) incomplete MAC chromosomes, and (3) MAC chromosomes that belong to clusters that reveal large-scale rearrangements since the recent WGD.
To assess the level of heterogeneity generated by the process of excision of IESs or repeated sequences, we compared all sequence reads (trimmed for quality) to the genome assembly with megablast. All cases where the megablast alignments showed an insertion or deletion (indel) in the sequence read compared to the assembly were realigned with the more accurate SIM alignment software (Huang and Miller 1991) . We then retained high quality alignments (i.e., covering at least 85% of the length of the sequence read with >95% identity) containing indels of at least 10 bp. Note that in some cases there can be more than one optimal sequence alignment. For example the two following alignments have exactly the same score:
ATCGCGTAGTAGCGATCTGTATCG ATCGCGTAGTAGCGATCTGTATCG ATCGC GTATCG ATCGCGT ATCG In such cases, when possible, we retained the optimal alignment where the indel is flanked by a T in 5Ј and an A in 3Ј (called TA-indels).
Among the 2169 indels detected in high-quality alignments, we identified 1860 TA-indels (86%). To determine the number of TA-indels expected under the null hypothesis that indels are randomly distributed across the genome we performed simulations. We randomly sampled 1000 sequences (1 kb long) in the assembly, and introduced a deletion (60 bp) at a random position. We then compared these 1000 sequences to the assembly, using the same protocol as described previously. In this simulation we found only 6% of TA-indels. The TA-indels can be downloaded from ParameciumDB, http://paramecium.cgm.cnrs-gif.fr/ download/fasta/TAindels/TA_indels.fa.
To estimate the number of loci that display excision variability, we developed a model for TA-indel distribution. Given that the MAC contains ∼800 copies of each chromosome, and that the average coverage of the whole-genome shotgun sequencing is ‫,ן31‬ the TA-indels we detected represent only a fraction of the loci for which there is some excision variability in the MAC. If there is some excision variability at a given locus, the probability of detecting this variability depends on the number of sequence reads covering that locus (x) and on the frequency of the variant excision forms among the 800 chromosomes. Let f be the frequency of the major form. The probability of detecting only the major form is f x and the probability of detecting only the minor form is (1 ‫מ‬ f) x . Thus, the probability of detecting at least one of the excision variants (p) is:
Among the 1860 detected TA-indels, 1485 were represented by a single sequence read, 216 by two reads, and 159 by three or
